We investigate changes in the tropical tropopause layer (TTL) in response to carbon dioxide increase and surface warming separately in an atmospheric general circulation model, and find that both effects lead to a warmer tropical tropopause. Surface warming also results in an upward shift of the tropopause.
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87
The thermodynamic equation of the atmosphere can be written as:
in which Q dyn , Q conv and Q rad represent potential temperature (θ ) tendency driven by advection, 89 phase change of water and radiation, respectively. In a quasi-equilibrium climate state, Q dyn ,
90
Q conv and Q rad effectively balance each other out, resulting in ∂ θ /∂t = 0. Now considering the 91 difference between two climate states, we will have:
We further decompose ∆Q rad into terms due to different controlling factors:
in which T loc is the temperature at the location of interest, X i includes concentrations of radiatively
94
active species (such as ozone, water vapor, GHGs), clouds, and non-local temperature. Changes
95
in these species and clouds may be caused by variations in large-scale circulation or convection.
96
Then Eq. (2) can be written as:
Note that in the much simplified Newtonian cooling framework, the left hand side of the above 98 equation would correspond to ∆T loc τ , where τ is the radiative relaxation time, which is ∼30 days 99 in the TTL (Hartmann et al. 2001) . When an atmosphere layer becomes warmer, it will emit more 100 longwave radiation. In order to sustain the warming, there must be additional heating from either method (Wetherald and Manabe 1988) . (∆Q rad,T loc is computed in the same way as ∆Q rad,X i ).
116
We perform a two-sided perturbation to minimize the influence of the decorrelation perturbation 
in which X C and X P stand for radiation-relevant variables from the control simulation, and from the 119 perturbed simulation, respectively. The off-line radiative transfer is performed every three hours at 120 each model grid using the instantaneous temperature, water vapor, ozone and cloud fields archived 121 from the GCM simulations. To reduce computational cost, we construct a synthetic one-year 122 timeseries by randomly sampling the entire ten-year simulation. The averaged radiative heating 123 rates calculated from these one-year profiles are very close to the ten-year averages. The clouds in types are seen by radiation. Cloud overlap is treated using the Monte Carlo independent column 126 approximation (Pincus et al. 2003) . The cloud droplet size is calculated from the prognostic cloud 127 water content and droplet number concentration. 
202
The colder stratosphere, which also results from increased CO 2 (e.g., Manabe and Wetherald 
215
The tropical troposphere follows the moist adiabatic lapse rate. As a result, the troposphere 216 warms more than the surface (Fig. 5) , and tends to warm the atmospheric layers above by emitting 217 more longwave radiation. This effect counts for the strongest warming tendency at 100 hPa (Fig. 218 7 (b)), but is relatively weak at 63 hPa ( Fig. 7 (a) ). The tropospheric warming is accompanied by 219 moistening, which causes a weak radiative cooling at both levels.
220
The Brewer-Dobson circulation is expected to strengthen in a warmer climate (e.g., Butchart 221 2014; Lin et al. 2015) . This is confirmed by the stronger vertical velocity (Fig. 5) tropospheric air into the stratopshere and dilutes the ozone concentration in the lower stratosphere.
229
The radiative effect from the decreased ozone is the second largest cooling term at 63 hPa, but is 230 negligible at 100 hPa. The colder stratosphere has a cooling effect on the tropopause.
231
As the lower stratosphere cools and the upper troposphere warms, the tropopause shifts upwards, stratospher due to a warmer cold-point as well as stronger convection overshoot. At 100 hPa, the 239 moistening of the TTL causes the strongest cooling, but the stratospheric moistening leads to a 240 weak warming. Neither has any appreciable impact on the temperature change at 63 hPa.
241
Since the tropopause has been lifted considerably in this case, the above analysis on the fixed Figure 8 shows the radiative and dynamical properties in the tropopause-relative coordinate.
253
Similar to what is shown in the original log pressure coordinate, water vapor increases in both the seen not only in the troposphere but also in the lower stratosphere. Ozone concentration increases 258 rather than decreases in the lower stratosphere.
259
The heat budget at the composited tropopause is shown in Fig. 9 . As shown in the figure, below.
276
The direct radiative warming at the tropopause from increased CO 2 varies with both the CO 2 277 base value as well as details of the radiative transfer model. Figure 10 warming, but remains unchanged as CO 2 increases.
323
We perform a detailed heat budget analysis at the tropopause to distinguish and quantify the con-
324
tributions from different radiative and dynamic processes to the tropopause temperature change.
325
The heat budget analysis shows that in the 4xCO2 experiment, the tropopause warming is mainly 326 caused by the direct radiative effect from CO 2 increase. In the 4KSST experiment, the largest con- lead to a warming of the tropopause, with the warmer troposphere being the largest contributor.
334
The tropopause is cooled by stronger upwelling across the tropopause and the moistening in the troposphere and at the tropopause, among which the wetter tropopause contributes the most. We The radiative calculations are done using the tropical mean profiles from the control simulation, and are carried out at the equinox under clear-sky aerosol-free conditions. See text for more explanation. 
